We use a scanning tunneling microscope to study the charging of Ag-doping centers in a monolayer of C 60 molecules supported on a thin Al 2 O 3 film grown on the NiAl (110) surface. Differential conductance spectroscopy shows that charging affects the conduction through C 60 molecules located around the doping centers. This effect is used to observe the electrostatic interaction of a pair of centers. Charging of one doping center affects the energy levels of the other, an analogue of the field-effect action.
Single-electron charging and electrostatics lie at the core of physics of many nanoscale systems that involve charge transfer. One important issue is the influence of charge traps located in the active area of the system on the charge transport. Well-known examples are the conduction channel reduction in nanoscale field-effect transistors [1] , ''random telegraph noise'' [2] , and hysteresis in the current-voltage characteristics [3] . However, the locations and exact nature of the charge traps cannot usually be determined directly, underlining the need for a realspace approach to the investigation of nanoscale charge transport and electrostatics. Such real-space studies have been demonstrated with a variety of scanning probe techniques [4 -8] .
Here we use a scanning tunneling microscope (STM) to study ionization and electrostatic interaction of individual Ag-doping centers in a monolayer of C 60 molecules supported on a Al 2 O 3 film ( 5 A in thickness [9] ) grown on the NiAl(110) surface [ Fig. 1(a) ]. We build on the results of our previous work, which focused on the differential conductance spectroscopy of the Ag-doping centers [10] . The ionization level of a doping center can be shifted above the Fermi level of NiAl when the bias voltage applied to the junction is high enough, so that ionization of the doping center occurs. The ionization affects the tunneling current measured over C 60 molecules located around the doping center. This effect is used to observe the electrostatic interaction of two ionized doping centers located close to each other.
The experiments were carried out with a homebuilt ultrahigh vacuum scanning tunneling microscope (STM) operated at 13 K [11] . The STM tips and the partially ( 50%) oxidized NiAl(110) surface were prepared following the standard procedure [10] . The C 60 molecules were thermally evaporated onto the surface at room temperature. STM images taken after cooling down to 13 K show that C 60 molecules on the oxide surface selfassemble into monolayer islands with close-packed structure [ Fig. 1(b) ]. The differential conductance (dI=dV) spectra [12] measured over the C 60 monolayer [ Fig. 1(c) , curve A] show bands attributable to the highest occupied molecular orbital (HOMO), lowest unoccupied molecular orbital (LUMO), and LUMO 1 orbitals of C 60 (occupied and unoccupied states correspond to the negative and positive sample biases, respectively) with zero conduction in the band gap. The positions of these bands are almost the same for most locations (even though the shapes of the bands vary noticeably), which was attributed to the delocalized nature of states in the C 60 monolayer [10] .
Ag atoms were thermally evaporated on the surface at 13 K. This resulted in the formation of AgC 60 3 chargetransfer complexes [10] . Every complex appears as a triangular protrusion in STM images [ Fig. 1(b) ], which corresponds to a Ag atom adsorbed in a threefold hollow site defined by three neighboring C 60 molecules. The dI=dV spectra of AgC 60 3 complexes [a representative case is shown in Fig. 1(c) , curves B and C] suggest donation of an electron from Ag to C 60 [10] . Peak P 1 has been attributed to a C 60 orbital filled by the charge transfer [it is absent in the spectra of the pristine C 60 monolayer, and occurs at the bias voltage at which an electron can be withdrawn from the AgC 60 3 into the tip]. The sideband of P 1 is associated with the vibronic levels of the corresponding electronic state [10, [13] [14] [15] [16] . Peak P 2 and its sideband are due to the vibronic levels corresponding to the unoccupied states of AgC 60 3 . Peaks P 1 and P 2 are present only in the spectra measured over AgC 60 3 , whereas spectra measured at other locations are similar to that of the pristine C 60 monolayer.
In Ref. [10] it was shown that P 1 0 and P 2 0 originate from tunneling through the same states as those of P 1 and P 2 , respectively [8, 17, 18] . P 1 0 and P 2 0 arise due to the existence of two tunneling barriers in the junction. In the presence of two barriers, tunneling through a particular state can occur when it is aligned with either one of the two Fermi levels in the junction (tip or NiAl), similar to the results reported in Ref. [19] . Thus, in the ''normal'' STM tunneling process the current onset is at the vacuum side of the junction. At the reverse bias polarity, the current onset is at the oxide side of the junction, as shown in Fig. 1 and NiAl can be written as V b , where V b is the bias voltage, and is a factor between 0.1 and 0.2, depending on the tip-sample separation Z [10] . Then, tunneling through, for example, the ionized state, should occur at V b ÿ E e1ÿ and V b E e for the normal and reverse tunneling, respectively [e > 0 is the electron charge, and E is the energy of the state with respect to the Fermi level of NiAl in the unbiased junction]. The dependences of the two onsets on Z (caused by the dependence of on Z) were used to identify peak P 1 as being due to the normal tunneling, while P 1 0 is caused by the reverse tunneling shown in Fig. 1(d) [10] .
The ionization of AgC 60 3 can be expected whenever the local electrostatic potential in the complex is high enough for the ionization level of AgC 60 3 to be raised above the Fermi level of NiAl, as shown in Fig. 1(d) . Therefore, AgC 60 3 can be ionized even when the tip is positioned away from the complex, provided that the applied bias is high enough [8] . Ionization of the complex was found to increase the current measured over C 60 molecules that were not part of the complex, and were not in direct contact with it. We study this effect by recording spatial maps of the dI=dV signal for a set of sample biases in the range of peak P 1 0 (Fig. 2) . These images show a ringlike feature centered on AgC 60 3 , with the size of the ''ring'' increasing continuously with V b . The ring in Fig. 2 is associated with the ionization of the complex, as demonstrated by the variations in the dI=dV spectra across the AgC 60 3 complex (Fig. 3) . The ring in Fig. 3(a) corresponds to locations where P 1 0 is ''in resonance'' with V b . Peak P 1 0 shifts to higher V b when the tip moves away from AgC 60 3 , since the electrostatic potential in the junction decreases away from the apex of the tip. The shift of P 1 0 as a function of the lateral tip position should depend on the shape of the tip. This was confirmed by observing changes in the shape of the ring, occurring upon modifying the shape of the tip with high-voltage pulses or controlled tipsample collisions [these were performed away from AgC 60 3 on the metal part of the surface].
The nonlocal influence of the ionization on the tunneling current can be caused by at least three effects. First, because the electronic states in the C 60 monolayer are delocalized, it is conceivable that when the tip is positioned away from the AgC 60 3 complex, the injected electrons could travel in the C 60 monolayer and reach AgC 60 3 , where they could recombine with the positive charge of the ionized AgC 60 3 . Alternatively, the electrostatic potential of the ionized AgC 60 3 can shift the unoccupied states of the C 60 molecules towards the Fermi level of NiAl, resulting in more states available for tunneling. In addition, this electrostatic potential can also reduce the two tunneling barriers in the junction, thereby increasing the tunneling probability. All three effects would produce a stepwise increase in current upon the ionization of AgC 60 3 . One could hope to separate the relative contributions of these effects, for example, by varying the tunneling set point or the lateral distance between the tip and AgC 60 3 . However, the position of peak P 1 0 with respect to the C 60 monolayer bands is also sensitive to these parameters, which makes such separation difficult. Regardless of its exact origin, peak P 1 0 is useful for observation of electrostatic interaction of a pair of AgC 60 3 complexes, as described below.
The position of peak P 1 0 is directly related to the energy of the AgC 60 3 ionized state, so that a change in this energy should result in a shift of P 1 0 . This effect was employed to study the interaction of two AgC 60 3 com- plexes located within a few lattice sites from each other (Fig. 4) . A spatial map of the dI=dV signal for this system [Figs. 4(b) and 4(c)] shows a pattern distinctly different from what could be expected for two noninteracting AgC 60 3 , for which two intersecting ''rings'' should be observed. To understand this pattern, we measured a sequence of dI=dV spectra across the two complexes [ Fig. 4(d) ]. Above each complex, only one peak was observed, whereas in the region between the two complexes [marked as III in Fig. 4(c) ], the spectra showed two peaks [ Fig. 4(e) ]. Upon closer inspection, we found that one of the peaks in every spectrum could randomly switch between two states with very similar energies, as seen in branches A and A 0 of Fig. 4(f) . For branch A of Fig. 4(f) , this is caused by perturbation of complex A with high V b . This switching is therefore a property of complex A. Then, the switching seen in branch A 0 of Fig. 4(f) should also correspond to the ionization of complex A, whereas B and B 0 should be caused by the ionization of complex B. Indeed, in the absence of interaction between the two AgC 60 3 , P 1 0 peaks of both complexes would be present in the spectra. The peaks would evolve independently, crossing somewhere in the region between the complexes, where they should shift almost linearly with distance as suggested by Fig. 3(c) and shown by two dashed lines in Fig. 4(e) . The ''avoided crossing'' pattern seen in Figs. 4(e) and 4(f) suggests interaction between the two complexes. This means that once one of the complexes is ionized, the ionization energy of the second complex is increased by E Int , which is the energy due to interaction. At the point of avoided crossing, the gap between the two P 1 0 peaks is estimated as E Int = [20] . In Fig. 4 (f) the gap is 212 meV, whereas is in the range of 0.14 to 0.2, which gives E Int of 30 -42 meV. Significantly, the ionization state of a AgC 60 3 complex is located in the band gap of the C 60 monolayer states [ Fig. 1(c) ], and is localized on the complex. This fact and the fact that the two AgC 60 3 are not in direct contact suggest that a large part of the interaction should be of electrostatic nature.
Using Figs. 4(d) and 4(e), we can determine the nature of the three spatial regions in Fig. 4(c) . In region I, V b is not high enough to ionize any of the two AgC 60 3 . In region II, only one AgC 60 3 is ionized. Complexes A and B are ionized in the upper and lower parts of region II, respectively, the boundary between the two parts being given by points where both of the corresponding P 1 0 peaks occur at equal bias voltages. In region III, both complexes are ionized. Because of the extra energy needed to ionize both complexes, region III is smaller than that for two noninteracting complexes, where it would be defined by the geometric overlap of the inner regions of the two rings.
In the present study, the imaging and spectroscopic capabilities of STM have enabled the visualization of nanoscale electrostatics associated with ionization of individual AgC 60 3 doping centers in two-dimensional C 60 crystals. The C 60 monolayer was employed both as a host matrix for creation of the doping centers and as a medium for observation of charging. The electrostatic interaction of a pair of doping centers was observed by monitoring the change of the ionization energy of a AgC 60 3 complex upon the ionization of another AgC 60 3 .
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